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SUMMARY

An analytical ,,'tudy u,a._ conducted to develop a

procedure Jor determining the deceleration charac-

teristic,_ <_ vehicles la,ding on gas-filled bags of

variou,_ arbitrary ,_hapes. The armly,_i,_ derdoped

is applicable ,for lamling on planetary or lunar

,_ulfiwe._ for ,,%king speed,_ that are small compared
to the genie velocity q{ the ga,¢ cow,rained within the

bag. I'br relaticely high _'elocities a light ga,s" ,_'uch

a,_ hydrogen or hdium ,_hould probably be used.

,1 series of calculation,_ was made./,r four bag ,_hapes

for impact on the earth at ,,'ca-level candition.¢ for

,_inkb_g speed,_' con,_£'te_t with de,_cent by parachute
to determine how deceleration characteristics were

influenced b_j rariou,_" fitct,>r._ emering the equation,_.
It was found that ga,,'zfilled bags ca_ be used to

ab.sorb landing ,_h,ck,¢ at ,mrmal parachute ,_'h_king

speeds with deceleration aml on,_et rate acceptable

for well-_'upported human being,_. From the ._tand-

points q/maximum deceleration and required ,_'troke,
the vcrHcal cylb_der appear,_ to be lh_ best .drape

_'tudied. ][ult;ple bag._" ,_hould probably be used

with all ,_hape,s" to accept cocked impact_'.

A metl_od of co,trolled <.Ia._'bleed fi'om th_ bu<.ls is

required. The ideal method wouhl be to utilize

pressure-actuated orifice._" q[ variable area that could

maintain con,_'tant pressure in tDe bag. Ilag,_ ,,ith

eon,,:tant-area orifices qf proper ,size would be

sati._fectory, but wouhl require a somewDat greater
•_'troke for a gi_,en maximum deceleration. It, would

be po._,_ible, howerer, to 'utilize bag,_ without bleed

durit_g the deceleration proces,% but the bag._ wouhl

hate to be rapblly deflated at the end of the ,_'troke to
eliminate or reduce bounce.

INTRODUCTION

The landing of nonliftlng vehicles on the earth,

moon, or planets requires some sort of deceleration

device at the time of impact to protecb the vehicle

and its payload. This report presents an analyt-

ieal study of a variety of gas-filled bag shapes for

providing reasonable de<'eleraliori rates at iml)'let.
VehMes that descend fl'om space or from a

planet's atmosphere must l)e prote('led from

damage during landing if lhe vehMc is to be

reused or if the cargo is of a delicate nalure, such
a_ instruments of human or animal life. Several

deceleration met hods or eomlfiuat ions of met hods

are possible. A common method of descending is

to u_e a lifting vehicle such a.¢ an airplane or glider.

Other deeeh,ralion and landing devices in¢'ludc

mechanisms for providing verlieal thrust such as
obtained from helicopier re|ors or relrarockets

and at mospheri<, drag devices such as blun! bodies
and paraehuh, s. Irn (lie latter ('aiegory, verli(.al

veh)city is not eonll)letely dissipated; therefore,

some soi'l of shock absorption device is required

at impact. If a waler landing is to 1)e made,

adoquale slioek al)sorplion can often be olilailied

by proper contouring of the hnpaeling sin'face SO

lhat reasonat)le deceleriliion rides can be ol)lained

|)_7 lvalel' disl)lfleement (ref. 1). If, however_

impact is (o he made on a Mrd surface such a,_

land, the kinelic energy of ilie descending body

must generally be absorbed within a porlion of

the body's sirueture or eontenls in or(ler [o bring

the body to rest. In order [o keep de(.eh,raiion
rates to reasonable values, lliis kinetic energy
must be absorbed over some distance. This

distance will be proportional lo the square of lhe

velocity for a given deceh'ration. Possible methods

of absorbing this energy inehide heat generliiion

wilhin a collapsible portion of the s|rlleturt, (refs.
2 tuid 3) or compression and/or aece]eralion of

captive gases wilhhi a pneumalie bag or cylinder.

Imnding on gas-filled bags has been investi-

gille(l and used for paraeliule recovery of tin=

pih>ted aircraft and missiles and equipnlent

delivery by parachute (refs. 4 to 8). It seems to
be a promising deceleration lncthod for landing

on plane[s. The bags couh| be filled with gas fi'om
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the planet's atmosphere during descent whM_

wouhl provide an additional weight saving. For
a lunar landing, gas for filling tile t)ag would have

h) be carried along in the landing vehi('le. Am_lysis

of gas-filh, d spheres hmding a! high speed on the
moon is discussed in references 9 and 10.

Previous invesligations of vehMes descending

on top of gas-filled bags have been primarily

experimental or direch_d towards one specific

appli('ation and have not presented a sound

analytical basis for a generalized sludy of the
deceleration (.haracte,'isties. Since this melhod

offers promise for deceleration of bodies at impact,

an analytical invesligalion was conducted to
determine the deceh,ralion characteristics of

vehMes landing on a variety of gas-filled bag

shapes with and without gas bleed during the
impact stroke. (Stroke is defined as the travel or

movement of vehMe after the bag firsl impacts.)

Bag shapes studied itwluded verlicat cylinders,

horizontal cylinders, Sl)heres , and hemispheres.
Bleed rates considered were those thai wouhl

mninlain a constant gas pressure in the bag "rod

those that wouht occur lhrough an orifice of a

,.:onstanl diatueler. Typical results are presented

for ranges of impact velocit.v, t)ag height, ratio

of body mass to bag volume, bag configuration,

initial bag pressure, and ble,d rales.

DISCUSSION OF PROBLEM

This repot! is concerned primarily with the

thermodynandes of landing on gas-filled bags.

From such an analysis it is possit)le, to determine
how cartons faeto,'s such as mass, bag height, bag

shape, bag volume, initial pressure, amt initial

velocity affect deceleration, deceleration onset rate

(rate of change of deceh,ration with time), pressure

buildup, and variation of velocity wilh stroke.
Other factors must also be considered in the de-

sign. Although these factors are not treated com-

prehensively, some discussion is warranted so that
the reader can have a belie," understanding of the

general prot)lem. In lhis light, he should be more

ealmble o1' evaluating and apl)lying the results of

this analytical study. Some of the problems re-

quiring consideration are strength, durahility,

storage, weight, inflation, and 1)leed methods for

the bag, and stability of lhe vehMe during descent

prior to impact, during the deechwation process,
and during any rebound that may resnlI fl'Oln i]le

compressed gas within ihe bag.

The de('eleral, ion during landing can be made

arbitrarily small by emph)ying a hdl, slender t)ag

that gradually decelerates the. vehMe during com-

pression of the bag's great. }teight. Such a bag

would not have the requisite slability. It lnight

buckle as wouhl a slender column under slight, rots-

alinement of forces, and it would be prone 1o tip
over because of side drift or cocking at impact.

tlighly shd)le bags will generally be short and have
a large area in eonlact with the landing surface.

These characteristics arc diametrically opposed to

the requirements for h)w deceleraLion. Any given

<tesign of landing bags will thus be a compromise
between the demands for slabilily and low de-
celeration.

In the design or a landing-bag system, t,lm

vehMe and its payload musl have the ability to

withstand some given deceleration and decelera-

tion onset, and the system must stay wiltdn these
litnilations. I_ nmst also aeeet)l reasomtl)le varia-

t,ions in the hmding surface, lateral speed, and

eoekiug at impact. Rebounding appears to jeop-

ar(lize vehMe stability and sh()uhl be minimized

or avoided. A good landing-bag system wouht

decelerate the vehicle in the folh)wing manner:

From the first, moment or impact deceleration
wouhl rise at a high, but accel)iable , rate until a
limi[ on deceh,ralion had been reached. Decel-

eration wouhl then remain near this limiting level

until the vehMe had essentially been 1)rought to

resI and was near the ground surface. The cap-

tive gas in the bags shouht be reh,ased at this

point. Rul)turing might bc desiral)le. The use

of high and nearly ('OllStallt deceleration would
reduce the dislance for deceleration (herein called

slt'oke) to the sm.dlest value within the vehi(.hes

strength Iittdtations, and by use of short, large-

stn'/'aee eontacl bags it would therel)y somewhat

relieve the prot)lem of ot)taining impacting slt_-

bili_y.

The type of binding described will require

bleeding of gas h'om the t)ag dm'ing the decelera-

lion process at a preseril)ed, variable rate. Pos-

siMe methods of controlling this rate include a

variable-bh'ed orifice area where the area could

be varied by means of a pressure-a('lualed device

of l)y a eontom'ed metering rod in the orifice that

wouhl be actuated by stroke. The metering rod

eoneepl eouhl be yew similar to that utilized in

aircraft la1,ting gear.
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SItd]ility prior Io impncl can be improved by

using muhiple pnrl/ehules It) reduce swinging.

Stability after impael enn be improved by innMng

use of a mtilliple-bi/g gvslem Su('|l n sys|eni has

die advanhlge of having bags located to neeel)t,

off-design impart or]chill.lions. In rob[ilion, the

gas slli['ih/g llmi earl redll('e tile Sllpl)orl ill corked
ln]ldingg of a b/rge singh, bag ran be esseniinlly

elhninah,d in muhiple bags. For the saine stress

level in lhe ]Jag: nmlerial, illere is no weight

penally assoeialed wilh llie llSe of multiple bags

lit]ring lhe s,'lme tollll VOlllllle llS II ._ing'le lill'g'er

|lit,g:,
Fill'lilt'i" (|iscus_ion of some O£ llie fm'lors iiffeel-

ing bag design can lit, found ill references 2 to S.

Ill lhe remailider of ibis reporl the amllysis will

only be <'oneerned with lhe deeehu'ittion charncler-

islies of vellMes deseending verlielll]y all(] if'l'l-

parting on a l']lil surplice.

ANALYSIS

ANSU."_PTIONS AND BASIC EQUITIONS

In making the mmlysis, lhe following assump-
lions were made :

(1) The gas bag is flexible, but hlelnstie (non-

sl relvhable).

(2) GIIs pressure [crees and aerodynamic dl'ng

(nlostI 3" pllrlt.ehule) are only forces eausing mass

to deeelerale. Friction, bag' bending resistance,

and I)araehule st 'mid lhie elnslieily are negleeled.

(3) (_olnpression o[ glls inside bag occurs

ad lot)ill ielilly.
(4) Ve|lieh' is deseeliding: w.uiieall Z.

(5) For eases with aerod.vnamie dnlg the drag

equals weig:]il lit lnonlenl of bag h]/pael,

(6) The nlasS (if ]lie gas in lhe ling is negligible

compared with lhe overall vehMe mass.

For a vellicle descen,ling in a vei'lieal dire('lion

on a ga._ bag as illuslrilied in figure 1, the following
force balaiiee can be wrilien using llw symlmls

given in appendix A"

ma+ rag4 p,,.l=I,.l+ P_ 6'_.1_ (l)
z!l

The t)hysienl explanaiimls of the terms in the

eqllaiion l-ire ns follows:
Firsl term: Oownw.u'd force due 1o deceleralion

of vehicle

Second term: Downward force due to gravit,'?

Third term: Nel downward force due It) liliilOS-

pherie pressure

Fourlti lerm: [.Tpwnrd [oi'oe due 1o pressure

wiihin bag

Fifth form: [Tpwnl'd force due to aerodynamic

drag

Ill lhis analysis il will be eonvenicnl Io express

the press(ire of lhe gas in the bag as 'l funclion of

llie voltllne l),_' tile expression

w}lere

(2)

For odin]it]lie compression wilh no gas bleed from

the bag, n='y. For h'akage ul il controlled rate

such lhal lhe pressure is eonslanl, n_0. For

oilier ]eaktlge rales n may llc eilller posilive or

nell]live, 1)ul ii is IIIWa3-S less llmn 3'. For t|ioso

eases n will prolil|b]y illso vru'y will] the distance

x shown in figure 1. For eases where n is a
variable, elosed-folln solutions were nol obhiined.

Landing bog-.,,

Impocf surface_

Landing- bag contour//'- -- -- -- ___JL
prior to impact-"

FICI'RE I.- Conditions during impact of parachute-borne
vehicle filled with ]alldillg bitg,
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A general, closed-form solution was not found

to relate the instantaneous velocity with stroke

for the case where the effects of aerodynamic drag

are included. In the ANALYSIS section, there-
fore, velocity equalions will first be deriw, d in

which the effects of aerodynamic drag are ne-

glected. The effects of drag on vcloeily will be
considered subsequendy for special cases. The

effects of drag will ahvays be considered in calcu-

laling decehwa[ion and deceleration onset,.

In Ihe derivation of the equations in this

amdytical study, the terms are arranged in a

manner convenient for analyzing deceleration on

a planet where there is an atmosphere. For a

hmar landing _dlere the atmospheric pressure Po

is zero, some of the terms in the equations as

derived become indelerminate. These equations

are rearranged in a form suitable for making
calculations for hmar landings and are presented
in appendix B.

VELOCITY EQUATIONS _lTH AERODYNAMIC DRAG

NEGLECTED

In most cases the error involved in neglecting
effects of aerodynamic drag, even with a parachute,

will be small because the drag force is small corn

pared Io the gas pressure forces. This is parlieu-

larly true after the body starts to slow down

because the aerodsmamie drag is proportional to

the square of the sinking speed. By negh,cling

thc term for aero(lynamie drag, the equation for

th(' fore(, balance can t)e handled in a generalized
manner for a wlriety of bag shapes.

By noliug lhal

r dx
.... _ (3)

and
dU U dU

a=--dT=- dx (4)

and neglecting the term for aerodynamic drag,
equation (1) becomes

mU dU÷mg d*+l,_.l dx=pA dx (5)

It will t)e convenient to write equation (5) in the
form

_*_U dU-kmg dz+p,,q d¢=p,r,¢-" d_ (6)

where ¢, is a dimensionless volume and, from
equation (2),

Table I gives relations for vohimes and areas

for the geometries shown in figure 2. The rela-

lions are derived in appendix C. By using expres-

sions in table I, equations (5) and (6) can be shown
to be equal.

i

t t
i

I
I
I

t.
[I

_J1

(a)

t 1
' T

l
1_

k -b-

D---t--

; ,.k 1 j
i "4 "

(b)

(a) Vertical cylinder.

(b) IIorizontal cylinder.

FlClTrtE 2.--Landing-bag shapes considered in analysis.

II
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!(
1L,.

(c)

(d)

(e) Sphere.
(d) IIemisphere.

FIc, raE 2.--Concluded. Landing-bag shapes considered
in analy._is.

Iiitegralion of equation (6) between the limits
--_ lo x and /[.'_ to U with const,lnt n results in

(./;'_a= 1 2e,,:p,,l- (1 xc,/ +_e_L 1+¢ -_)

I P' (¢_ .-1)-_]n- l ]*o

(s)

which gives the velocity of the decelerating body
as a function of x and the initial conditions at

point of impact. Table I gives expressions for fl

and _ for the various bag shapes considered.

Equation (8) is valid for the ease where the bag
is fully inflated a.t the beginning of the deceleration

process. For the ca,_o where the bag is either not.
fully inflated or partially compressed, the initial

bag ]wight in lhis simile is designated as x* and lhe

velocity at this position as U*. Inte_alion of

equa, tion (6) between the ]traits x* to x and U*
to Uresuhs in

[7x I 1 2rd_<_(" m0z*/1 a"c0= t --)

(¢*)"s,* (¢.,),_._¢;_q+¢,. ¢) (9)%-T7 I

where _* is evaluated from lable I hy substituting
x* for x in the expression for 4,.

For the special case where n=l, equalions (8)

and (9) take the forms

(l.T,) =1 2r,p,V +_(1'"' --D)-;:',,;-+-I
(Sa)

27,2 x
(U_) _- l-[- 2r'P" f mgx* (1-- r_),_ t.-7>

*p* 1 I ,

e,aeATmSS W_TH *_ROnVNAMW D_AG CONSIDEUED

Deeeleration.--For eonstant descent velocity

just prior Io impact, the aerodynamic drag equals

the weight of the descending vehMe. By as-

suming the drag coefficient is independent of

velocity, the drag term in equation (1) can l)e
wriHen:

P°_72 CD, |D I/_.T "_2°4 "_:'ku,) (_o)

The de('cleralion can be oblaincd as a function

of x by combining eqm_lions (l), (7), and (10)
to obtain

a ,'lp,,l_p,._ . l\+/U\l
_=9,,g,,J' - ) \<)-i (i_)

which can-be \vril ten

_=_(p,_,_._ \ IU ",'
'/ fl\Po l)-{-t_) --1 (1.'2)

where the rabies of _,/3, and q_are given in table I

for va,rious bag shapes. In a corresponding
manner, the deceleration for the case where the

bag is not fully inflated or is partially compressed
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at the beginning of" the deceleration process
results in

o eFp*/l/, \-" 17 IU U*\ = 1 (12a)

Th(, torn] U*/'U, will be equal to unity if the de-

celeration begins with a piu'lially deflaled ]lag.

There are some eases, however, where the w,hMe

may be dceeh, rated partially so that U*# U,, and

then lhe lerm will be needed. The velocily U,

corresponds 1o the equilil)rium sinking speed of

the ve]iMe using a parachute or other aerodynamic
drag device.

If there is no aerod3mamie drag, the velocity

terms are omitted from eqnalions (12) and (12a).
Deceleration onset rate. -The rate of decelera-

tion onset is also of importance. Deceleration

onset rate is defim, d as the rate of change of
deceleration with lime. This onset rate can be

obtained by differentiating equation (12) with

respect [o lime v,llich yields

d a/p+ - '>U
Wgpo¢ ._ ]7_,0/ /7 pd (+_

It can be s|iown ilia1{

(1,3)

_T

Then, combining equations (3), (4), and (13) and
defining

u--Z;72
resuh in

d U r t ", Fp,../.J- "_ 7 2¢.1i'a\"1
k ¢

(14)

whore the vahle of the veh)eily 1term is obtained
from eql.lation (S) and the vahle of tile deceleration

term is obtained from equation (12) for the cor-
responding vahle of x. The term p can lie shown

to tie a function of x, and values of _ are given in
tattle I for each bag shape.

In a similar manner, lhe deceleration onset rate

can lie found for the case where the bag is liol fully

inllaled at the beginning of the decelera1{ion

process b.y differenliliting equation (12a) with the
result

d U ¢" -" "(,7+O-d
2(I /{r*"s/a\ ) (14a)

where ihe vlihle of the velocity tern] g/U* is

obtained from eqliatiOll (9) alia (lie vahlc of the

ileceleralion tern1 is ot)tained from equal-ion (12@.

Approximate velocity. For vehicles subjected
to aerodynfln]ie drag, lhe vehicily cah'uhited

liV octtllltion (8) will be sliglitly high. The

deceh,ra1{ion cah'ulaled by equallon (12) will

lie reasonably accurale even lhough the value

of the velocity torn] in ihe equation is evaluated

by equalion (g), which negh,ets drag. Snnill

errors in this velocity will have a negligible effect

on ('aleulale(] (]ecch'ralion. By using the cal-
euhlietl values of (h,ceh, ration it is possible to

obtain more accurate values of velocity in w]lich

aerod37mmic drag is accounted for. A slop-

wise procedure is used to ealcu]a1{e the change in
vehmity over a small increment of stroke kx

based ell the average deceleration for Am. Equa-
tion (4) can tie whiten in incremental form

or

.g/_4a_ \g/,: \ g Ax J

72 T2

g Ax
(l 5)

By a siepwise procedure siarthig at xq-Ax if,
the velocity at a" can lie ot)lah/e(l relative 1[o the,

velocity tit :z:+A.r from equalion (15) wril1{cn in
tile form

'l :\2 /U "`= a a

where (he values of a/g are oblained from

equation (12).

Velocity for vertical cylinder.-The vertical

cylinder (axis parallel 1{o dire(.tion of (leseen()
was the only bag shape considered for a closed-

form soht1{ion when the effects o£ aerodynamic
drag were considered. Solu1{ions to the (lifter-

ential equations for the other cases were not

fmm(l t)y the authors.

1
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Combining equations (1), (4), (7), and (10)

and holing from table I thai _=:r,'l for the vertical

eylimler result ira

d)'mU dU + m 9 dx+pu+i dx p i.l dx

+ m:# t _2d* (17)

which can be wrillen

a, u ,,.l _i)-p,,.l-,,,:, _- (is)

By letting

the solution to equation (18) is

-t/- 2 _l'"
5 }

I,. J m L ,x/ " .j "
(19)

--h_ , n
Expressing e /x in a series yiehls

e-h_ ,, hx_-, . /h'x_-a ,2-" /&xap ,
7 +b) T-b) ¢-

_)j-I xJ-n-1
Jr- ....

(j--l)!
(20)

Combining equations (19) and (20), integrating,

and substituling the limils U=U_ for x=:l
result in

+")'-'[ (0'-I}-F • • • (j_l)!(j_n) 1-- (21)

which rehtles lhe velocity of the deceleraling

1)ody with the dislance x and lhe inilial conditions.

The deceleration for a body with parachute

drag included was previously derived and is
expressed in equation 112).

For tire special ease where n=0 (('onshmt

pressure inside bag), equation (21) can be simpli-
565542 61 -2

fled considerably. The quantity within the
]waees re(hlees 1o

_ -h x h

h

Then, for_ =0, equation

/-: 2 1(,.;)=, (,':,',-
(21) becomes

(22)

For the special case n 1, equation (21) t)ecomes

,v= o-.)_(,+,) >_,]

-2,_ ' _-Uit,. ,rr

(-h),-' [ (')'-']}l:+ (y-1)!(j-_ I- (21,,)

CALCULATION PROCEDURE

CLOSED-FORM SOLUTIONS

For the eases where lhere is no gas t)leed from

the bag (n =y) or where the flow rate from lilt, bag

is at a rate so that the pressure within the bag is

maintained at a constaut wdue (n--0), closed-form
dimensionh,ss solutions are obtainable so that the

velocity and de('eh, ralion can l)e eah'ulated directly
at any portion of lhc stroke. Tile proper equalions

1o use for calculating deceleration charaeleristics

are summarized as follows t)y equalion numl)er

wilhout suftix. Suffixes it) lhe same basic equation

nlllllther refer to special eases as discussed in the
ANALYSIS section. The suffix "L" is for hmar

ealcuIalions and lhese equalions are listed in

appendix B, as previously holed.

Velocity.-- Equalion

Case where aerodynamic drag is neglecled

for' fully inflaled bag ................. (S)

Case where aerodynamic drag is neglecled
for partially inflated or pariiall,/ com-

pressed bag .................... (9)

Approximate correction for aerodynamic

drag ................................ 116)

Case where aerodynamic drag is included

for the vertical cylinder only_ ......... (2l)

S1)eeial case where aerodynamic drag is

included for vertical eylimter and hag
pressure is constant (n,--0) ............ (22)
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]t is not convenient to solve the equations

direetIy to determine tile value of x/.__ at which

the velocity will be zero except where n_O for

the vertical cylhuh, r. F.r the other eases, it is

necessary to determine wtlues of the velocity for
a. range of values of x/2 and (h, lemqlin(, the wdue

when the velocity is equal to zero by lrial and

error or by a plot of the resulls obtained.
Equalions (8) and (9) are general equations for

the following types of bags:

(_) Verfieal cylinder (fig. 2(a))

(2) tIorizontal cylinder (fig. 2(b))

(3) Spltere (fig. 2(e))

(4) llemisphere (fig. 2(d))

The dimensionless [eras in the velocity equa-

tions, [3, x/-_; and _, are functions of the bag shape
and are defined in labh, I.

Deceleration. For vehicles descending by para-
chute the dimensionless deceleration is ('aleulated

fl)r the ease where the bag is initially fully inflated

by means of equation (12). If the bag is only
part b, lly inflated b_itially or is par0y compre,_ed,

equation (12a) is used. The value of lhe velocity

term in cqualion (12) or (12a) is obtained for the

corresponding value of stroke using the appro-

priate equation discussed in the preceding section.

If there is no aerodynamic drag, |his veloci{y term
is omitted from equations (12) and (12a,). In

calculating maximmn decelerations, which usuall.y

occur at relativel,, low velocity ratios, little error

resulls from negh,eting lhe cffeci of aerodynamic

drag.

To eah'ula[e the deeeh, ration onset r'lte, equa-
tion (14) is used for a fully inflated t)ag 'rod

equation (14a) for a parlially inflaled bag.
The terms _. _, _, _*, and _ used in equations

(12) and (14) are functions of tlw bag shape and
arc defined in labh, I.

GENERAL CASE WITH GAS BLEED

tl 3 an iterative slep-1)y-stel) procedure iL is

possible to determine the velocity and deceleration
at any vahw of stroke for a|l {he bag s/mpe,_

considered with any setwdule of gas bleed desired.

Since gas will general]y be bh'd through an orifice,

the eah.ulalion melhod is set up lo calculate
bleed as a fnnction of flow nozzle diameler. A

flow nozzle type of orifice was chosen for the

calculations because Reynoht.s number corrections
can usually be negh, eted for this type of orifice.

The procedure used is described in appendix D.

RESULTS AND DISCUSSION

The discussion of factors affecting the (h,cdm'a-

lion charach,ristics of gas-filled tags is compli-

cated by lhe many degrees of freedom that are
possible in lhe design. In addition to the faclors

affecting the lhernmdynamies of lhe deceleration,

there are many practical faclors as mentioned

briefly in the DISCUSSION OF PROBI,E.Xl
section that must be interrdatcd with ihe thermo-

(lynamie prol_h,m before an intelligent design
can be made. In an effort to show lhe importance

of some of |he possible variabh,s, a simplified

analysis is first made which permils drawing
some ralher general conclusions on lhe use of gas

bags for decelerating a mass during a landing

impact. The effe(qs of refinmnenls 1o the analysis

will be discussed subsequently. For the designer

of a gas-bag inlpaet absm'ption device, consi(h,rab]e

thought will be required concerning the relalive
advanlages and disadwmtages resulting fl'om his

choice of bag shape, height, initial volume, and

it6_ial pressm'e before be can be sllre lw has

arrived at "_ nearly optimum design. This dis-

eussion may hel I) Io channel these thoughts.

APPROXIN$ATE DECELERATION CHARACTERISTICS

WITH NO GAS BLEED

The kinetic energy of descent can be dissipated

by compression of a gas within an en('losure such

as a bag. In general, however, after the decelerat-

ing vehi(qe has been brought to rest momentaril3" ,

lhe compressed gas will begin expanding and

accelerate the vehicle to an upward veloeily.

For a descending vehicle this wouhl result in
bounce. The results 1o be presented for lhe case

of deceleration without gas bleed do not consider
the effects of this bounce. A method of over-

coming this bounce is 1o deflate the bag rapidly

at the inslant that the velocity becomes zero.

Although detailed consideralion of how this

deflation might be accomplished was not con-

sidered as a part of this analylieal slud3", two

general ,,wthods scent obvious. The deflat/o,t

eouhl be accomplished by rupluring, whidt
might be actuated by internal pressure, or by

mechanical means at a oct'lain point in the
deceleration sh'oke.

Maximum pressure and final volume, The

term involving t3 and x/5/'in equation (8) aecounls

for the polenlial energy of the body above the

ground and is of sm,dl magnitude relalive 1o tim

: ]:
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other terms in the equa{ion. By neglecting this

term and eomhining equations (7) and (8), for

no gas leakage ('n=_) an eqllalion can he wriiien

for the case where ill(, body has been brough! to

rest ((;--0) in terms of the fired pressure in the
bag Pz:

r ] [c'lu',,_ 2 ('_]_-_ -2 p" I- ;"]_
/,,,'_=v- 1 L" P,/ ,,, ,_/J (sb)

This equation can also be wriiten in lhe form

1 --2-- 1 0 (So)
p,r_ 7--1 L 3'i/ P_

These eqmitions are represented t) 3" tlle solid lines

in figure 3(a). The left-hand ordimde eorrespomts

121 , , i , l--r r 6I L8/,°o/

I tt t2:_,,
":I:; /77 "::

el !4//_/5, I '_3

, ,, ,, , (,_),_i_o
0 I 2 3 4 5 6

_.Zm

,c,,.v,

(a) Plot for determining minimum deceleralion.

FIclI-RE 3. Approximate relations for bringing a descend-

ing vehicle to rest on a gas-filled bag vciih no b],'ed.

y= 1.4.

1o equaiion (81)) and the right-hand ordinate is

for equation (8e). The equations and the figure
are for the general ease and are independenl of

the bag shape. The curve for p/Po= _ is for

landing where there is no atmosphere, such as on

the moon. It can be seen that for a given set: of

initial conditions, that is, descent w'locity U_,

bag pressure p, atmospheric pressm'e P0, and

mass-to-volume ratio rn/ro the final pressure and

volume within tile bag are indope,uh, nt of bag
shape.

_.° 8

6D

t2

I0
I

- J

I
I

/,
/¢

J

J_ 5 4_

;- .... ,_Y

r ly

,f-

//

_-:/<.

°f7 '- ,

2 tl:!lil
0 2 4 6

g,.a m

poe,.

(b) Plot for determining minimum final pressure,

FIC, TrRE 3.- Concluded. Approximate relations for_bring-

ing a descending vehicle to rest on a gas-filled ling wilh

no bleed. I'=1.4.

I

I

I

(b)

8 I0

Effect of initial pressure. Equnlion (81)) can

be readily Iransformed into the following ft,'m:

r( -'][U_m 2 p; t;_P,,'}V- -1 --2 1--.'P--": :

(sd)

This oq,mtion is plott(,d in fiolre 3(10. It can be

seen that the value of initial pressure whi,,h results

in the minimum value of fired pressure increases

as the abscissa increases. An Ol)timum value of
inilial pressure for minimizing final pressure can

be found flw each comlfi,mtion of initial w'loeity,

mass-to-volume ratio, and atmospheric pressure.
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]n order to find the initial pressure that resuhs in

minimum deceleration, use can be made of equa-

tions (7) and (12) combined to yield

. o Qg P.

g->,.,

This equation is l)loth,d in figure 3(a) as shown
by the dashed lines, These lines are drawn tan-

gent to the solid curves representing equation

(8b). Tilt, tangent lines represenl the minimmn

slopes attainable for whieh conditions in equations

(Sb) and (12b) can be simulta.eously satisfied.

Tile slopes S of the dashed lines are lhe decelera-

tion parameter (;+ l) _'g_/_ and are therefore the

minimum values possible for a bag with no bleed

for a given initial pressure ratio PgP0. A similar

plot could have been made on figure 3(b), and for

the same initial pressure ratio PgPo It.' slopes of

the tangent curves wouhl have been identical,
but tim added curves would have added confusion

to the plot. The minimum deceleration for a

given initial l)ressure ralio P, Pu and bag height _9

occurs at the tangent point. Thc deceh, ration

can be further decreased by going to higher values

of initial pressm'e and decreasing the initial volume

2'; to oblain lhe proper value of the abscissa (eel

responding to point of langeney) in figure 3(a).
If a verlical cylinder is eonsitlm'ed which has the

greatest freedom it] adjusling volume and t)ag
height independently, nole that if initial height, .9

is mainlained tilt, bag diameter should ])e decreased

wilh increasing P/po. This resuhs in a stability

probh, m as previously discussed.

Increasing initial pressure to de('rease de-
celeration soon reaches a point of diminislting

retu,',L Increasing the initial pressure ratio p,,!p,,

from I to 2 decreases tilt' deeeh, ration parameter

C+1 ,y/._ by 25 percent, but going to a value

of _o only decreases it another 12 t)ercent relative

to Ill(' value at p,/pa- 1. In addition the fimtt

pressure required for olltaining minimum de@lera-
lion increases as inilial pressure ralio P,_Po in-

creases so lhat bag strength may become a problem
with h igh init ial pressurizal ion.

It can be concluded that the choice of initial

pressure will be dependenl upon the initial veloc-

its, mass-to-volume ralio, and atmospheric pres-
sure as well as other factors such as deceleration

onset rate, bag slat)lilly, bag st,'ength, aml com-

plications resuhing h'om higher pressurization.

Initial pressure r,ttios Ih/Po between 1 'rod 2 are

l)rolml)ly within the rang(, of most interest for

landings where there is an atmosphere, as no

large advantages can be fo,,,ld by going to higher

pressures.
Effect of initial bag height. From the parameter

i)lotted in figure 30_1):

., / g

From this equation tile following conclusions are
dn, wn :

(l) For all ()tiler conditions remaining constant,

the final deeeh, ration is approximately inversely

proportiomd to tilt, initial bag height assuming

as/g is much l'trger than 1.0. The final decelera-

tion may be diffe,'enl for different bag shapes,
however, because of tile dependency of _ on bag

shape._ as shown in tat)h, I.

(2) The minimum bag height that is possible

for given initial velocity, initial pressure, and

maximum permissible deeeleralion can be oh-

lathed from this equalion. The value of mass-
to-volume ratio to ot)lain this minimum must be

chosen to give an al)scissa value on figure 3(a)

corresponding to the point of tangene3" between
the solid and dashed curves.

(3) From a previous discussion it was noted

that increasing the inilial pressure will permit

lower values of S and correspondingly lower wdues

C )of 5' +1 • This increased 1)ressure could be

ulilized lo decrease either deceleration or initial

bagheighl. I1 should be note<t lhat, for tile case
where there is no atmosl)here (p/p(,=oo), the

de('eh.,'alion or 1)as height can t>e cut about 37

percent from the value required where there is an

almosl)tlere and lhe initial bag pressure is equal

lo the atmospheric pressure.

Effect of bag shape. The kinetic energy of the

descending vehicle musl t)e absorbe<l t) 5 tile worl,:

in compressing tim gas in tilt, bag. The net work
C

.r C

is .J +, A_,p-po)dz, and it is the same for all bag

shapes. As discussed l>reviously for tile same

initial conditions (]h, pu, mfl:,, _, and U,), the

final pressure is also the same for all bag shapes.
The conlact area =t does not vary with stroke for
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the vertical cylinder, but for the other bag shapes
tile area increases wilh stroke. The final area A:

for these shapes must be higher than thai of the

vertical cylinder with the same stroke in order
for the mean area to be approximately the san'to

for all oases. The effect of this final area on

deceleration can be seen from equation (12t0,

which can t)e written in the fo,'m

a_:= .ij_ (m- P,,) - 1 (12(;)
g gm

With the same final pressure ps for all shapes,

this equation suggests that the maximum de('elera-

lion required to bring a body to resl is lower tor

the vertical cylinder than for lhe other slmpes.
Effect of mass-to-volume ratio. The point of

langenoy of lho curves in figure 3(a) ropresenls the
conditions that cos(ill in minimum deceleralion or

required bag hoighl. For specified values of
iniiial ])rossuro and inilial veh)eily, it can lherefl)ro

be seen thai lhoro is an Ol)iimum value of mass-to-

vohimo ralio m/c_ thal resulls in an abscissa value

corresponding to the tangeney point. Going to

higher or lower values can result in increased

decelerations or higher required initial bag hoighls.
This is not a marked effect, however, since the

curves are approximately langent for n faMy

large (lisianee. From Ihe figure it can 1)(, sem_
tha! for l_<p,/p0<2 the massqo-volumo ralio

represented 1)v

7;q, . p_
1.3:) To: (24)

resulls in minimum deceh, ralion or bag height.

This value of m,qss-io-wdume ratio also specifies

[he compression ralio in the bag rot a given wduo

of p_/p,. To reduce lhc final pressure the initial

volume could be increased, which would result in
a smalh'r mass-to-volume ralio lhan the ol)limum,

but it wouhl reduce required ling sh'englh with a

very small penalty in maximnm doeeleralion

developed. The sigNilioanoe of variations in
re�v, will t)c furlher discussed sul)sequently.

REFINED DECELERATION CALCULATIONS "WITH NO GAS
BLEED

The conclusions based on the approximate

calculations just dis,'ussed are generally valid for

gas bags without bleed. In the remainder of the

reporl, a more exact evahmlion will he made of
effects such as para(.huto drag, bag shape, and gas

bleed, lu addition values of do('eh,ralion, pros-

sure, veloeily variation, and deceleration onset

rat(, ilia[ van be oxpecied for specific eondilions

will be presented in the figures and table I[.

Calculations were made for four bag shapes,

namely, Ihe vertical ('ylinder, horizontal cylinder,

sphere, and hemisphere. The results are presented

fi)r landing on earlh at sea level al veloeilies fi'om
20 1o 40 fc(q per second, which is consisienl for

descent t)y parachute. The value of n used in
the ealouhllions was 1.40, whMl makes the cos(ills

valid for many gases of interest such as air, nit ro-

gen, hydrogen, and oxygen. For deeeleralion on

a moon or planet (lifferenl from the earth, lhe

gravilalion'd constant in lho _ term wouhl be
difforen! from the value of 32.17 feet per second

squared used herein. The effect of atmospheric

pressure is also included in lhe 13 term.
In this analysis the assuml)lion is made that lhe

compression of the gas is iscnlropic and the tem-

peralure and l)ressuro are uniforln lilroughoul the

bag vohinlo. Such an assuniplion lhnits the valid-

it 3" of the anltlysis 1o iinpaet velocities which lil'O

low eonipiired lo lho sonic velocity of lhe gas

wilhin the tmg. At higtl impact vclocilios a wave

analysis _ilnillu' Io l]ial of reference 10 for high-

vel,.)eity impact of sl)heres is required. At these

high volo('ilies lhe compression remains essentially
adial)alic, t)ul. it is not |sen(topic. As a result, for

a given amounl of onergTv." imparted to the gas from

ltl(, kinetic energy of lho descending vehMe lhe

prossllre rise in llie gas will he less Iliali for I_11

isenh'opie compression. Since the decelei'alion is
a flm('lion of lho pressure within the 1)ag, the maxi-

munl deceleration ealoulaled by this isentropie

compression analysis will be higher lhi-m would be

actually encounlered with it high-speed impact,

In addilion the oaleulnled slroke required Io stop

the vehh'lo would be lower lhlin aelually eli-

countered. This error is prolpli)Iy negligible, par-

tioularly for the vertical cylinder, for mos! impact

speeds of hit eros(. Cah'ulalions for the verli('al

cylinder have indicated that /lie pressure calm|-
laled 1)y a wave analysis is very ne'wly the same as

for isenlropie compression for impact velocities up

lo at leas! 20 percent of the sonic velocity within

the gas, The error is much greater, however, for

the oilier eonfi_n'alioris. The analysis is appliea-

hie for higher impa('l velocities for light gases sueh

its h3drogon than for heavier ga_es beeRuse Of Ihe

higher sonic velocity of lhe lighl gllsos. A ftlrlhor
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adv_lnlage of n light gas for ]mmr ]ladings would 4

t)e tile reduced weight required for transporting it.

As slated previously, the equations in appendix B

should be used for eah'ulations for lunar landings.

Effect of parachute drag. When a body is de- 3
seen(ling nl a constant velocity, parachute drag is _o
equal to the weight of the descending body. At

this condition the force of the body is 1.0 g. As

the descent velocity is slowed by a gas bag, ihe

parachute drag force (liminishes rapidly since dr_lg a a

forces usmdly vary as the square of Ill(' veloeily.
As a result, it wouhl be expected that the effects

of parachute drng would t)e relatively small on
deeeh,ration characteristics. This effect is illus-

h'ated in figure 4, where results fi'om eqmltions (8) )

and (21) arc compared to show the effect of neg- 40

h'eting parachute drag in the velocity equation for

a vertical cylinder, t)m'aehute (lr_g is considered
in the deeeh,rulion equation, but the deceleration

eal<,ul_,tcd is affected slightly by the velociiy term
50

(see eq. (12)). Therefore, negleeling parachule

drag in ill(' velocity equation resulls in a very

small effect in the calculated deceleration. Fi_mwe ._.
4 shows that by negh'cling parachute drag in tlle c_

velocity equal ion the cMculated stroke is slightly o co--
high. As a result, ill(, maximum deceleration
whicll occurs when zero velocily is attained is #

calculated for too high a stroke and therefore is

Mso smnewlmt, high.
Calculations were also made to determine the l o

velocity as n function of stroke with the effecls

of pnru('hute drng included t)y use of lhe approxi-

m_de velocity equation (16). For tilt, case where
the increment of stroke 3,,r was 0.05 1, the results

0
were almost identie'd to the results from the

exncl equation (21). _ghen n value of _,a" equal I
to 0.10 I was used ill the al)proxim_lle solution, _"

however, the eal(.uhlted velocities were too low. >:
It appears, therefore, tirol equation (16) can l)e "_

11sed, and it will give relatively accurate results >_
ir small increments of stroke are used in tile enleu- 0

lutions. Actually, the {rue deeeh'nltion chnra('ter-

;sties l)rot)al)ly lie somewhere belween those

eah.'ultHcd including parachule drng nml those neg-

lecting drag. During lhe d(,('eh,ralion process in

which the vehicle and parachute are rapidly sh)w-
ing down, some of tile air under the parachute

lemls to be moving downward fl_ster than tile

pa r_t('lml e l)eeause of mmnenl um it has developed

_hile being lnq)ped umh'r tlw parachute. This

effect wouhl result in the parachute (lrng not being

..... L

r
I

__! I

Initial bag /

he ight7 1

___J

![ ....

//
J

l_

/

/

l t i

Parachute drag
neglected in

velocity calculation
Parachute drag

considered in
velocity calculation

o d//.4,.=0
1 I

4 I

1. I
I 2 3

Stroke, ft

FI_;YRE 4. ]':fleet. of neglecting parachute drag fur verti-

cal cylinder velocity calculations. UI=30 feet par

second; pl/po--l.O; rely,=2 slug,_ per cubic foot; no
bleed.

proportionnl to the square of tile sinking velocity;

consequently, the parachute drag wouhl be less
than caleuluted herein.

It uppenrs that cMmflations negh, eting parachute

drag are sligh|ly conservative, and a ppreci_d)lc

!11
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errors are not enemmtered. As a result, paraehulc

drag was negh,eted ill most of the velocity eah'u-
lations. This pro'milled use of closed-form solu-

tions for all bag shapes studied.
Effect of initial bag pressure.--For practical

purposes i( is desirable to inflah, the 1)ag to as
low a _,ao'e pressure as possible. If lhe internal

absoluie pressure of the bag couhl bc the same as

lhe external pressure, a pressurization bottle or

pump eouhl possibly 1)e avoided. In this manner
the bag couhl be opened by gravity or some type

of spring action and filled to atmospheric pressure

through a one-way wdve 1)y natural aspiration.
The effect, of initial bag pressure on deceh, ralion
characteristics is shown in figure 5, where the

Vertical cylinder

"- I -- Sphere or hemisphere-

,o" _ -- " -- Horizontal cylinder

CL 3 ---- '

_50 I

50---

#_

I]

m___

1.2 1.5

Initialpressure, pi/po

t.4

FIC,ITRE &--Effect of inilial bag pressure on deceleration

characteristics. Ui=30 feet per second; ..@ 3 feet;

m/vi=2 shlgs per cubic foot; no bleed.

ralio of initial pressure to atmospheric l)res_ure

i_ ph)tted against the maximum deceleralion,

prezm_re, and stroke required lo decelerate to

zero velocity. Tiw comparison is mq<tc for the

four bag silapes considered in this analytical study.

LANDINGS 0X GAS FILLED BAGS 13

Tile wdue of U_m/pd, s (see fig. 3(1))) use(t for

these cah.ulations is in the range (0.85) where it

wouht l)e expected that the initial pressure range

considered in fi_lre 5 wouhl have little effect on

the final pressure. For the vertical cylinder it
wouhl follow that deceleration wouhl not 1)e ap-

precial)ly affecled either. This is verified in figure

5. The approximale analysis also indi('ated that
the final deceleration wouhl t)e affected by bag

shape. Figure 5 shows that the effect of 1)ag shape
on deeeh,ralion ca]] ammml to as much as 50 per-

cent. In a(hlition, lhe deceleration variation due

to inilial l)ressure ratio variation h'om 1.0 to 1.4

can amount lo at)ou! 20 percent for shapes other

ihan lhe vertical cylinder. As previously dis-

cussed, this deceleralion cmfld be decreased lly an

increase in bag height,.
Tal)h' ]I shows values of the maximunl decel-

eration onsel rates d/t/ encountered during the

deceleration process for all cases considered in

this analysis. Tile figure number is listed that

presents other decelei'niion ,.hara('teristics for the
same condilions. The values listed for the vet-

ileal cylinder for initial pressure ratios of 1.2 and
1.4 are values after initial impact. At the mo-

ment of impact tile onse! rat(, is theoretically

infinity. This is an undesiral)le chara('ieristic
tilat occurs only with lhe "vertical c3"lhlder for a

perfectly alined hrlI)acl on Ill(, fl,ll end of the

eylhlder. This effe('t and the alhiwal)le values of
onset ]',ties will be discussed in more detail later.

Since most <if the conditions considered in ilhis-

(rating the effe('ts of various factors on de<'clera-
lion chara<'lerislics are in the range where initial

pressure will not have a si_lificant effect, lnOS_

of the resulls in the remainder of tile report will

l)e for ill(, initial pressllre eqll,t] 10 allllO.qp]lcric

pressure.
Effects of initial velocity, bag height, and

mass-to-volume ratio. -Figure 6 shows how the

maxinmm deceleration, mnximun_ pressure, and

sh'oke are affected by the initial velocil.v and

mass-lo-hlitial-bag-vohlnle ratio for initial tiag

heighis of 2, 3, and 4 feel. The comparisons arc
made for an atmost)heric initial bag pre._sure. In

general the beh.tvior is lhe same as predicted by
tile approximate cah'ulalions. _[,lximum de('el-

era(ion is approximately inversely proportional

to initial bag height. Maximum bag pressure
and maximum (lecclerafion both increase approxi-

nudely as the ._quare or lilt' inilial velocity.
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' ' Initial velocity, I ]
ft/sec

r40 .112 ............. _r30 ----
//r

o

12

Q.

E

._24

o

I

120

80
._0

a
CD

O

E

.__ 40

0
Ca)

2 3 4
Mass-to-volume ratio, m/_., slugs/cu ft

(a) Initial b-_g height, 2 feet.
FIC, Ua_E 6. -h[aximum deceleration, pressure, and _ll'okc

for vc, rtic'al cylinder. Pi/Po 1.0; no bh,_,d.

Equation (24) indirlih,s that the values o1" m/v,
lliat would result in minimum deceloralion wouht

be about 7.1, 3.2, and 1.8 sitlgs per cubi_ foot

for ]nithil veloriiies of 20, 30, and 40 ]'eel ])or

second, respe¢'tively. The m/_', range for 20 feet

per second was not carried this flu', but it is indi-

cated hi figure 6 l]ult liieso rabies are approxi-

mately corrocl for the llu'oe t),lg heights consid-

ered. It siiouhl also be noted, ]low0ver, that,
sul).nlanlhtl v'irhllion in mass-to-volume ratio is

4-- 1 I

Initial velocity,

l____ ft/sec
_ ,-4o-I-

'L J,.3o/

1
o

I /

1 ,

 80--lj[I'. __
_ 40

E

._E

o 2-°, , i
Mass-to-volume ratio, ml_., slugs/cu ft

(b) Initiill bug height, 3 feet..

FIGI-RE 6. " Coiltiliued, hl'_ximuni dec'eh_rldion, pres-

sure, and stroke for vertical eylindor, pi,tp0_l,O.; rio
bh_ed.
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4f i _ 1 I q
! I Initial velocity, i I I
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8O
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o

"5

40
@

K
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2_
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f

--i
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!
I
L L

I20 "

i I c/
2 5 4

Moss-to-volume ratio, re�v,.,slugs/cu ft

(e) Initial bag heighl, ,I f('('t.

FIGURE 6. Concluded. Maximum deceleration, pres-

sure, and stroke for vcrii('al cylinder. Pi./Po= ].0, no
bleed.

permissible with only slight effects on det'elera-

tion. This is very fortumite. For a vehMe with

a number of individual bags around its periph-

ery, a cocked des('ent, so thai only a portion of
the bags impact, will not resuh in exeessiw, de('el-

erations. If the bags are designed to withstand

the higher pressures that result for the higher

mass-to-volume ratios for those particular bqgs,

the de('eleration can t)e accomplished satisfa('lorily.

Figure 6 indi('ates that roe the range of initial
velo(.iiies considered a mass-to-volume ratio o[

about 2 slugs per cubit' foot is reasonal)h,. This

eon'esponds (o about 1 cubic foot of gas-b,g
volume for every 65 pmmds of vehMe weight.

Table II lists the maximum deceleration onset,

rates d/g eneotmtered dm'ing the deceleration

process. In reference 11 data are shown where a

human has been subje('ied to all onsel rate of 1156
g's per second with a maximum (lee_qeralion of 35

g's without del)ilih_iing resuhs. It is indicated

from results of chimpanzee expo_m'es that humans

m%,," l)e able to tolerate higher ons,,t rates, hut the

debilitating (,fleets of sho('k may result. Chim-

panzees have survived 111axinluln exposures of 3.1.2

g's at 3350 g's per second. Although otht,rwise
uninjured, tltey sustained cardiovascular shock.

Ileflq'enee 11 also indicates Ilml about 35 g's is

the maximum safe (]e('(qeralion for exposures up
to 0.1 second. Table II indicates onset rates

exceeding a value of 1200 g's per second by foot-

note reference mark e. From the results presented
in figure 6 and litl)le IT it can l)e seen that the safe

onspl rate is only exeee(led for the cases where the
llliixiinIll11 safe deceleration is also exceeded.

Bag shape,--The effect of bag slnqm on decelera-

tion ehara('teristics is shown in figure 7. It r'm

be noted tllal the vehieh, can be brought to rest in
a sliorter (listanee 'it a lower nl,qxillluni (]e('(qeralion

with a veriicaI cylinder l[lan with the other shapes.
Tiffs effect was noted and discussed in connection

with figures 3 alld 5. A considerable porlion of the

stroke is lls0d np before eonhiet, area, and internal

volume changes enough for the sphere, hemisphere,
and ]iorizonial ey]indiT to signiiieanlly lifl'ecl_ pros-

sure and decehq'ation. About 50 percent of the

availat)le stroke is used up with these bag shapes

before tim vehicle starts slowing down an appre-
ciable amount.

Although the results of this amd.ysis were only
for vertical descent, some consideration should be

Wen to side drift and cocked impact. As pro-
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viously discussed, cocked imp'tet on multiple bags

of a vertical cyhnder type would probal_ly be all
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U_=30 feet per seeond; _=3 feet; m/vi=2 slugs per
cubic foot; pi/Po 1.0; no bleed.
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right so long as the bags in contact with the ground
eouht withstand the added internal pressure, but

with side drift vertical bags wouhl tend to bcml,

collapse, or tear loose. The ]mmispherical bag
shouM have less tendency titan any of the other

shapes to fail in such a manner in a hmding with

side drift. A big disadvanlage of bag shapes other

titan the vertical cylinder, however, is that there
is less freedom in the choice of varialions between

bag height and initial volume. From an overall

point of view, a multiple-bag arrangement of

vertical cylinders probably has the most potential
of the shapes studied.

DECELERATION WITH GAS BLEED

For the cases considered thus far where no gas

was bled from the bag during the deceleralion of

the body, lhe pressures within the bag and the
deceh, ralions can build up to values t.liai may be

too high to be accelllabh'. [n addition, the pres-
sure energy that buihls up in the bag will cause

the veliMe to bounce upwards after dissipation of

the sinking speed. A logical niclhod of over-

eoming these difficulties is to provide a method of

bleeding gas from the bag. Three general bleed
methods were considered: (1) the rather idealized

case for bleed to maintain constant pressure within

the bag, (2) instantaneous pal'lilil 1)teed by letting

part of a muliiph,-t>ag system bursl, and (3) bh, ed
from a fixed-area orifice.

Constant-pressure bleed.--Figure 8 compares
the deceleratiou characteristics of the different

hag shapes for tile case where the presstlre within

tile tmg is maintained eonstanl. To obtain this
condition wouhl require an initial prcssurizalioli
device lind a variable-area orifice lhat wouht be

prossuro-aetualed, Colnparing figures 7' and ,S
shows tliat tile eOllstanL-I)reSsllre bh, ed resulls in

slopping the vehicle in less distance at lower
maximum deceleration. The deceleration is

almost constant over the entire stroke for the

vertical c:;linder. The only variation ill decelera-
tion is due to the variation in parachute drag as

velocity decreases. For the littler bag shapes the

deceleration steadily increases with increasing
stroke because of an increase in contact area as

lhe bag is compressed. The effect of including

parachute drag in the velocity calculations is also
shown in the figure for the vertical cylinder. As

was illustrated in figure 4 for no gas bleed, the

accuracy of the calculation is not seriously affected
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FIt;eRE 8. -Effect of bag shape on iml)ael elmractoristics
fur constant-pressure bleed. U.-30 feet per second;
_--3 feet; _n/,li=2 slugs per cubic foot; p/po--2.0.

by neglecting parachul.e drag effects in the velocity

equation. The effe('t, of this drag is always in-

cluded in the (leeeleralion equ'flions.

Tabh, II shows thai. for a verli('al cylinder and
constant bag pressure the deceleration onset rate

is theorelieal]y infinile. This infinite rate results

from the discontinuous deceleration which changes

from zero to about 1 1 g's at the momenl of impact.

After impact the onset rates are slightly negative

becallse l}te de(:elcralion is decreasing with stroke.
5lelhods of overcoming this infinite onset rate
will be discussed later.

Figure 9 shows a more practical application of

the constant-bleed pressure systeJn. :For this ease

the initial pressure in the bag is atmospheric, and

the orifice is plugged to permit a pressure buildup

in the bag during/,he initial par'lion of the stroke.
AI; some pressure corresponding to a specified

deceleration, 10 g's for figure 9, the I)Iug would

blow oltt. of the varial)h,-area orifice, and the pres-
sure would be m'dntaincd constant, for the rest of

the stroke. This procedure results in onsel, rates

(table II) tirol, are aceeptal)Ie. A greater stroke
is required, however, than for the case with no

I)h'ed shown in figure 7.

In a(hlitio,l to the _,lvanlage of the bleed system
1)eing al)le to stop the vehi('h' at lower maximum

deceleration lhan the no-l)leed system, another
very disti.c! a(lv.mtage is the reduction of t)ounee

after the sinking speed is l)rought to zero. With-

out a bleed system, a method of rupturing the 1)ag

would be required at the end of the stroke to reduce

t)ounee as previously discussed. Rupturing, which

could 1)e either pressure- or distance-a('tuated,
suffers from a disadvantage for rocked descents

or m_pa('! on uneven terrain. For these cases the

rupturing might not occur at the proper portim_ of
the stroke. For this reason, i! at)pears to ])e very

desiral)le to bleed gas from the bags during the

compression st rake.

Optimum bag shape.--If the ot)timmn shape is

defined as thai resulting in the shortest stroke

withit( given limitations of deceleration nn(1

deech'ration onset, the optimum design would
result in a linear deeeleralion t)uihlup to the

maximum value, and then this vahle of decelera-

tion would l)e maintained until the body was

2 I

Q- I

I I I I I I I
Vertical cylinder
Sphere or hemisphere---
Horizontal cylinder

o UI_.=O
a Constanf-pressure

bleed begins

2O

- I0 -- _ " m

,8
o

0 .2 A .6 .8 1.0
Relative stroke

L__ _ l _ l _ I ............... l
0 .5 1.0 1.5 2,0 2.5 ::.3.0

Sfroke, fI

FI!;FRE 9. -Effecl of bag _hape on trot)act ('h_raclcrislics
for constant-pressure bh'('d after reaching deceleration
of 10 g's with no bh'e(l. /v, 30 fee( per second;
_--3 feel; ,,,/vi=2 slugs per cubic foot; pi,fpu_ 1.0.
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brought Io rest. Figures S and 9 show that using

a vcrlieal cylinder and a bleed rate thal maintains

eonstan[ pressure results in essenlially eouslanl
deceh, vation. The variation from conshml decel-

eration resulls from parachute drag variations

due to change in velocity. If a paraboh)id of

(_'i_)'`*_" feel is aila(']w(1 to the t)ottom ofheight U,( i.7),_,,_

the vertical cylinder and eonstanl internal bag

pressure is maintained it( a value lhat will rest,It.
till (a..g),,,,_. for Ill(' verlical ('ylin(h,r, the (lecelera-

lion will vary linearly with stroke up h) it_ maxi-
mum value and will then remain at essentially

this maximum value until the vehMe comes lo

rest. Such a configuration would very closely

approximale lhe optimum b'tg shape. This con-

figm'ation would require pressurization prior to

impacl.
Instantaneous bleed. In an etrort to determine

if maximum (h,(.eh,rations eouhl be decreased in

some manner withoul increasing bag lwight or

using gas bleed from an orifice, an analysis was
made of cases whm'e mulliph, bags "_vouht be use(|

on the botlom of i]le vehicle and par| of lhe bags

wouhl ]torsi al some predetermined deceleration

level. Figure 10 illusl,'ates l]w ease where ihe

bags are of two different heights, wiih (he ]wighls
and bag rupim'ing strenglh (.hosen so tim! the

tings were useful fro" different paris of Ill(' st,'oke.
At initial contact with the lerrain, only part of

the bags wouht be in conlact with the terrain.

These bags would decelerate the vehMe uldil the
decelerationlmd built uplo 10g's. At lhispoinl,

tile second set of bags wonhl come in conlaet with

the terrain and the first set of tmgs would ruplure.
This wouhl reduce the de(.eh,ralion t() zero mo-

mentarily, and the (h,ceh, ralion would s/art
buihling up again. Two mass-to-volmne ratios

were investigaled for lhe seeond portion of the

strol,:e, and it was foull([ t]llll ill 1)oth cases the
maximum decelerations were grealer than would

have been encounlered if only one set of bags had
been utilized over tile entire stroke. II can be

concluded, therefore, that this deceleration method
is no! desirable.

A somewhal similar case 'Iva_, invesligaled in

figure 11. In this ease, all the bags made inilial
contact with lhe terrain, l)ut part of them l)m'sl,

after the deceleration built up to a value of 10 g's.

Cases were considered where half of (he bags

burst. (doubling tile value of m,.%) and where

g
12_
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= 20
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Relative stroke
L 1 _ 1 l__2
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Stroke, ft

F_ct-IIE 10. F, ffect of d(,c(_h'ralion by steps with initial

bag bursting at, a deceleration of 10 g's. Vertical eyl-

ind(,r; UI--30 feel per second; /=3 ft,et; Pl/pt)-- 1.0.

two-thirds of the bags burst (tripling the value of
m/c_). As can be seen from figure l l, this pro-

cedure does not appreciably affect the m,/xinmm

dcceh,ralion, but it does sul)shmlially increase

the maximum pressure. It, was therefore con-
eluded that this method of deceleration was un-

desivai)le also.

Fixed-orifice-area bleed.-Figure 12 shows the
deceleration charaelerislies with fixed-area bleed

orifices for three differenl orifice sizes. In figure
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FiCn-RE II. D(,celeration ehllraelerislic._ with one-half

alld two-third,_ of bags bursting at iilitial d,-c,qer:ttion of

]0 g's. Vertical cylinder; Ui=30 fl'et per second; /=3

feet; pi/po= 1.0,

1200 the case was considered where ihe orifices

were plugged until the pr(,ssure in the bag had
built up to a point where the deeeleralion was

10 g's. At this point the orifice became un-

plugged, and gas was bled from the bag. The
rah, of gas bleed for a given orifice size is a ftme-

lion of the pressure wiiliil) the bag. On|y rela-

tive orifice sizes are given in the figure. The.

actual size required is a function of the initial vol-

ume of the bag and the gas used. For a relative
area of i, /C.ls:3.67X10-3@ square foot for air

as file gas in lhe bag. Other areas considered
were lwo and four times this wllue.

Conlparing figure 12(,l) and the verlic'al cyl-

inder portion of figure 7 shows that the stroke is

not significantly affected, but, the maximum
deceleration is reduced for relative orifice sizes of

1 and 2. Going to a re]alive orifice size of 4,
however, restihs in a case wliere lhe vehi('h, |las

not 1)een l)roughl to vest before the end of the

stroke because of tot) much gas being bled fi'om
the t).lg l)y the large orifice. As a mailer of

fact, the veliicle reaches a nlinimuni velocity and

ihen slarls neceleraling again beeanse of the

gravitalional (,ffecl.
Ill figure 12(b) lhe case is considered w|li, re ,air

is bled from the orifice for the enlire stroke. For

this case it is only wit]i the smallest orifice tlnlt

tile vehich, is l_rouglil 1o resl before the end of the

a'vailal)h, sli'oke. V(iil) |lie llirgesl orifice Ollly

20 percent of the velocity has been dissipaled at

the end el" lhe slroke. Such an arrangemonl

would r(,sult in a disasll'OUS landing. It appears

lhal, because of lhe shorter period of lime wilen

the oril]ce is used wlien il is plugged during tile

first porlion of llle slroke (fig. 12(a)), a gTealer

variation in orifice area may 1)e permissibh, than

for the ease wliere gas is t)h,d fronl tile orifi('e for
the entire slroke. Allolher advalliage to using

a plugged orifice for a porlion (if the stroke is a

shorter stopping dislnnee with about ihe same
nlaxinlunl decelel'alion.

Cn]culalions were made to clieclc lhe effect of

assumptions and approximations used in the step-

wise sohllion (appendix D) on the sohition's

accuracy, ll(,ralive calculations where the orifice

was so small as to cause negligible bl,,ed were

made, and results were compared with the closed-
form solutions with lie bh,ed. The difference in

the two solutions could not be delected when

plotted on curves to the scale used in lids report
] £2

for a lime ineremenl Ate-- -- • This lime
20 17_

incremenl resuhs in approximately 10 increments

in stroke 1)etween impa(q and zero velocity.
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FIr;URN 12.--Deceleration eharact(,ristics using fixed-area bleed orific(,_. Verti(,'d cylinder; /-ri=30 feet per second;

/=3 feel; m/vi= 2 slug_ per cubic foot; pipe= l.O.

CONCLUDING REMARKS

The following conclusions can be drawn fl'om

the results of this amdytieal study:

1. An analytical procedure is dcwqol)ed that

permits calculation of velocity, deceleration, and
deceleration onset, rate as a function of dishmce

traversed after impact on gas-filled bags having a

variety of shapes. The analysis is applicable to

planetary or hmar landings for sinking speeds that
are low compared to the sonic velocity of the gas

within the bag. For relatively high sinking speeds

a light gas such as hydrogen or helium should

probably be used.

2. Gas-filled bags can be used to absorb l,m,ling

shocks for normal 1)araehute sinking speeds with

deceleration and onset rate acceptable for well-

supported hmnan beings.

3. Acceptable onset rates for humans were
found to be exceeded only when the landing con-

ditions resuhed in the deceleralion rates being too

high, except for special cases where the bags of the

vertical cylinder eonfi_wation were pressurized

above ,ttmospherie prior to impact.

4. From the standpoints of maximum decelera-

tion and required stroke, lhe x'ertical cylinder

appears to be the best shape studied. Multiple
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bags should probably be used, however, to aect, pt

cocked impacts. A cocked impact where only

part of the bags would be active would not appre-

ciably increase the deceleration rates, but bag

pressures wouh| be increased.
5. For earth hm<tings using parachutes, a

reasonable bag volume is at)ou! 1 cubic fool for

each 65 pounds of vehicle.

6. A method of controlh, d gas bleed fl'om the

bags is required. The ideal method wouhl be to

ulilize pressure-actuMed orifices of variable area

that eouhl maintain constant, pressure. Bags

with constant-area orifices of the proper size

would be satisfactory, but would require a some-

what. grea [ er stroke for a given maximum decelera-
tion. It. wouhl be possible, however, to ulilize

bags without bleed during the deeeleralion process,

but the bags would have to be deflated rapidly at
the end of the stroke to eliminate or reduce bounce.

T_t:wis RFSEARCIt CENTER

]N_ATIC,NAL AERONAI'TICS AND _PACE ADMIXI,_TRATION

CLEVELAND, OItIOj 3larch 16, 1.960
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APPENDIX A

SYMBOLS

A bag area in contact with ground, sq ft
AD drag area, sq ft

A,, area of orifice or flow nozzle, sq ft

a deceleration, ft/sec 2

b dimension of flattened portion of bag, ft

(see fig. 2)

aerodynamic drag coefficient
numerical constants

fully inflated bag diameter (horizontal

cylinder and sphere), ft

__ fidly inflated bag height, ft, see table I

g local gravitational acceleration, ft/sec 2

h dimensionless term, 2gl/U_
j number of terms in a series
K" flow nozzle coefficient

L l>ag length (horizontal cylimler), ft

1 fully inflated bag height (vertical cylin-
der), ft

3[ gas Mach m_mber

m mass of entire vehMe, (]b)(see2)/ft (or
slugs)

n exponent having a value less than or equal
to T

P perimeter, ft

io static pressure (without suhscript refers
to gas in bag), lb/sq ft abs

p* static pressure in bag at bag height equal
to x*, lb/sq ft abs

R gas constant, ft/°R

r radius of hemisphere, ft

S slope of line, fig'. 3(a)

T temperature, °R

t time, see
U velocity, ft/sec

22

U* velocily at bag height equal to x*, ft/see

u gas velocity in nozzle, ft/see
v volume, eu ft

IV weight of gas in bag, lb

W weight rate of flow, lb/see

x distance, ft

x* partially inflated initial bag height, ft

dimensionless ratio, mg_/_'_po, see table I

"r ratio of specific heats of gas in bag

dimensionless ra lie, A__'/v. see table I

_" pressure fimetion in orifice eqtmtion
X dimensionless density, o/m

u dimensionless ratio, i W see table I

p density, lb/cu ft.

g' dimensioMess w)hnne, v/v. see table I

_b* dimensionless volume at bag height equal
{0 X*

9 pressure function in orifice equation

Subscripts :

approximate value
final value

initial value

maximum value

minimum value

/low nozzle

flow nozzle throat

at position x

at position x+ax

atmospheric

Superscripts :

-- average value over increment _x
d/d/

a

J
i

rain

t

z

Z-_- AZ

0

11



APPENDIX B

EQUATIONS FOR LUNAR LANDINGS

Equalion._ presenied in this appendix have been

rearranged to permit their urn, for the ea_e where

p.=0. These equations haw, lhe same numt)ers

as ill the body of the reporl except they are fol-.

lowed by tile suffix L. These equalions are not

to be used for poe0.

(;U\ 2 2rip,gm(.l(2/ a'\ 1<) ='+_;L :;;2k'-?)-c-i(e' "-')]
(sL)

(/-r \_ . 2ed_Fm(.l_Y. ae 1
i_.) =' -I-_--LyiL_,,7_I -_)-1"2/] (s,,L)

(U*)--l 2,,,p*F.mgx*/. ,

(¢*)" ,,__ _, ,,]}+_[(¢ ) -- (9L)

(U 2

c,) :, %,,_LV,),,U__) __2,,,,,,_,_.,, ,_, ¢,(1,,__l,,_)]
(9aL)

a to,, ..... (_')_

d UV_',lhU_'-"/'y_d 2 9 a"

d [7Frip*U*/¢,X-"/n_ 2 X 2qi('*X2a-1

?=c%m_>-:4_) %-+d-_+;b_di,/

U 2

(14aL)

(22L)

2a



APPENDIX C

AREA AND VOLUME RELATIONS FOR VARIOUS BAG SHAPES

Dimensions used in the expressions given in

this appendix are shown in fi_we 2.

VERTICAL CYLINDER (Fig. 2(a))

v=Ax (C1)

v_=A/ (C2)

where A refers to the circular cross-sectional area

of the cylinder.

IIORIZONTAL CY'LINDER (Fig. 2(b))

For inelastic materials tileperimeter of the
bag cross seciion is tile same before and after

deflection, and ltle length remains conslant:

P-=TrD

=2b+Trx

Therefore,

_'D x

rD2L
(C4)

15 - 4

r L b*+ _x'(4)
.n,r_F.. (.Y1 (c_)

- 4 L"D-\D]A

2-t

IIEMISPHERE (Fig. 2(d))

Since the bag is assumed to be inelastic, the

radius of the spherical portion of the bag remains

unchanged during imp'_et. The bag material in

contact with the ground will fold and wrinkle to

form an approximately fiat surface. The follow-

ing rel,dions then hold :

(°')\21 L

20"v= A dx

_x T 2=-,'j,,['-0)]','
.Fx l/xY-I

='" L;:- ak;] J (c7)

2 a
_"=a"" (Cs)

SPHERE (Fig. 2(¢))

The relations for the sphere can be written

directly from those for the hemisphere:

7rD2 1 :r 2-(,,)]
7_n_Fx 1Ix'C]

'=-4 L_-st,_) J (ClO)

7rD3 (el 1)
V_ O



APPENDIX D

GENERALIZED PROCEDURE FOR CALCULATING DECELERATION CHARACTERISTICS

WITH GAS BLEED

ANALYSIS

From equalions (1), (4), and (10),

_T"

(Dr)

wlfich can be wrillen in tile incremental form

Since

AU _I'o__A-xt_--I too "['7 2

.x.r-[" _xl

= A _97c,

tl.lld

#= mg.(/
ripe

equalion (D2) can be expressed:

-;E

(D2)

(D3)

Pressure can be expressed in terms of the isenlropie
relation :

p 3'

By assuming a linear variation of conlaet area,

velo<dty, attd pressure over the increment A,,

equations (D3) and (D4) can be combined to

give

A(_=(_,+_:[) g At { p, X.Y-( _+_.+U)-2
P.

For the ease where the aerod3mamie drag is

neglected, the term (U',/U,) 2 is zero and is oniilled
from equation (D5).

CALCULATION PROCEDURE

The variation of velocity, dcch.ration, and

deceleration onset, with stroke can be obtained tJy

the following st epwise procedure :

(1) Assume an arbitrary increment of time At.
This increment does not have lo remain eonslant

during the deceleration process.

(2) Choose or specify ihe orifice area for the

time increment At. (This At also corresponds to
some increment of stroke Ax.) This orifice area
can be differenl at each lime increment if desired.

For generalized calculati<>ns it is convenient to
relate ihis orifice area lo the initial volume in

rat iO form .l,,/c.

(3) In order to use equalion (D5) it is necessary
to evaluale e and X at stations x and xq-Ax. The

increment Ax corresponding to time increment At

is not known aceuralely because the velocity
increment ,-XU is not known. A,_ a result, it is

necessary to make a first approximation of e:, X.,
and _--_to calculate an approximate value of AU
as follows :

(a) Approximate stroke increment A.r::

:r. = (x + A,r) -- a,,'a

(b) Vahies of +:

The value of Xq-kx is klmwn. For the first

ineremenl it is equal to g; and for succeeding

incremenls it is equal to the vahie of .r determined

from the preceding incremenl. Therefore,

</x+A&
':+a'=Jt,_ ) (see tabh' I)
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An approximate value of % is oblained based on :r,:

%=[(x_/:2) (see tal,le l)

(e) Average vch.'ily U:

As a firsl approximalion ihe average velocily is

taken as ill(, veloci b- _-_+_.

(d) Density ralio X:

To calculate the deusity of the gas it is neees-

SaT'3 to know the volume and weighi of gas in the

bag. The weighl is influenced by ihe bleed,
which in lurn is influenced by i|.' average pressure

within the bag.

The density ralio X is defined as

X: p ll'_/v_
p_--IV,.

17t

The approximate pressure _ is

- /u;+_/,,A"
p°=pA/+_,=p,[IV, ' l

IV, Pi

(Note: At fi,'st increment, IV,+a:=IV, and

¢_+_=1.)

where f and a are obtained from the following

equalions for p=p_:

/-2y Ip, _"g-7-_] Suberitical flow where

r=_,,,_,.___tp;) L_<(. < 1,.__

/ ,_, fpo-\ 2 I

f_= J -for air

Supereritieal flow where¢=,,/_/_ (_2.+_/'_v>wv'"

= 0.6S5/,, for air

o
V LI'J

The values of _- and .q are deriw,d in appemlix E.

x_,,--TI;¢,

(4) Calculale .x(."afrom equation (D5) using

vahws obtain_'d in sic l) (3).

(5) 1) is now possibh, to oblain a more aeeurale

value of kU, where

.l,r (" -W

x (x-P _:)--_:r

¢, .f(*/_)

Values of IV_!v, and X, are calculah'd in a manner

dmilar to thai in slep (3), and .XU is calculale(1

from equation (DS).
(6) A further refined wdue of a" for this inere-

meal, which will be x+,5.r for the next inere-

meal, is obtrdned from

x--(x_ :Xx) --(1%+a:_-- -7_-) _g

where the value of _/__ was obtained in sic'l) (5).

(7) The deeeh, ration is calculated from a

revised form of equalion (12):

(8) The deeeleralion onset tale is ealcuIaled
from

where ltle value of _ is obtained by combining

equations (7) and (D4):

7 In P"
Pz FAx

(9) This (,ah'ulation procedure is continued

over succeeding increments of 5:r until the velot,ity

becomes zero or the bag is deflated.



APPENDIX E

DERIVATION OF EQUATIONS FOR FLOW OF GAS THROUGH FLOW NOZZLE

SUBCRITICAL FLOW

T]w _mv rale can be expressed

l]" -AL4,,pt ut

--KA,,p,M(_/R yr, (E _)

Substitution of isentropie rt,latio.s for Ma('h mma-

].)er. pressure, and tempera lure results in

", . / 211 Y v-I - ,y-I

(E2)

The gas temperaIure in the l)ng is

and for sul)sonic flow

p_--p,

so that equation (E2) becomes

Ii" --"A"Pmt'/(,"\I;"_T,/_(_i) (_)_ [(i-/P) _ --I ]

(Ea)

The-weight hiss over time increment At is expressed

by

All' At:t(A_ Ate,@ _-o (E4)

W} Ie re

(E5)

SUPEI1CRITICAL FLOW

For supereritieal flow the veh)eiLv will be sonic

_d the tim)at of the flow nozzle. Then,

W= IG,A._,

--=DLI.p,_I[ %qr-_,

_IDCO

all(|

then

(ET)
p

7" T (v s'"_''7'
': 'kF77)

" 9 " ")+1 . . I,+1 /
• ÷.... / - _,_ iP'CW-v i Y(/
/t=,_.i,,- 74) p,- -) -, "\zt J . \I _. %' R:T<

(ES)

The weight, loss over tilt, time increment At is

_t :::rot,,.x%./p,__.o. (Eo)IV- I},"

where for the supercriiieal flow

(T_ i.)'-' CEI0)

_1 _ /{ p \__l-_ (E6)
=_l rE) -i

-_.+l

0 ( P)'_4-_ (Ell)
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A_]ALYT_CALSTL*DYOFSOFTLANDINGSONGAS-FILLEDBAGS

TABLEI. ]IELATIONSFORVARIOUSBAGSHAPESUSEDIN ANALYSIS

Typeofbag
Fmw_ion

Vertical Ilorizonlal cylinder Sphere Ilemisph(,re
cylinder

A

V

Y

d¢

vi d_k

3

.IQ

l

A

Al

A :F

X

-i

dx

l

A dx

m gl

?r i po

!

D

---_- lrrD L ( .... _ )x

rrD2L

,!

X :g 2-

2

Vlpo

_(,-_)

D

vD 2 x-_-[,-(_,)]
_rD a

6

_D 3 x ! (_)]
2D 2

3

X 2_ [,_(_)]d_
mgD

Vipo

3 1 x 2_[ -(_)]
X

a_

r

rr2[l--(_) 2]

2 a

_ [_-_(_)_]
2r 2

2

3, 2_,.,[,-(:) ]_,
mgr

X 2_['-6) ]
3x_

r
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